Abstract We investigated the response of the photosynthetic apparatus during an episode of extreme low winter temperature in Quercus ilex subsp. ballota (Desf.) Samp., a typical Mediterranean evergreen species in the Iberian peninsula. Both plants in a woodland located at high altitude (1,177 m. a.s.l.) and potted plants obtained from acorns of the same populations grown at low altitude (225 m. a.s.l.) were analyzed. Net CO 2 assimilation rate was negative and there was a marked decrease in photosystem II (PSII) efficiency during winter in leaves of the woodland population (high altitude individuals). These processes were accompanied by increases in nonphotochemical quenching (NPQ) and in the de-epoxidated carotenoids within the xanthophyll cycle, mechanisms aimed to dissipate excess energy. In addition, these deepoxidated carotenoids were largely preserved during the night. There was no chlorophyll bleaching during the winter, which suggests that leaves were not experiencing photoinhibitory damage. In fact, the net photosynthetic rate and the PSII efficiency recovered in spring. These changes were not observed, or were much more reduced, in individuals located at lower altitude after a few frosts. When the response to rapid temperature changes (from 20°C to −5°C and from −5°C to 20°C) was studied, it was found that the maximum potential PSII efficiency was fairly stable, ranging from 0.70 to 0.75. The rest of the photosynthetic parameters measured, actual and intrinsic PSII efficiency, photochemical and NPQ, responded immediately to the changes in temperature and, also, the recovery after cold events was practically immediate.
Introduction
Since Neolithic intense human activity has influenced the contemporary distribution of the dominant oak species in the Iberian peninsula and has reduced their original area (Pons and Suc 1980) . Blondel and Aronson (1995) proposed that, in the absence of any human influence, the ecosystems covering the Iberian peninsula would have been very different from now. Moreover, they suggested that the substitution of winter deciduous oaks by evergreen oaks has been one of the most significant changes in the physiognomy of the Mediterranean landscapes. Winter deciduous oaks (e.g., Quercus faginea Lam., Q. pyrenaica Willd.) have been proposed as the dominant species under transitional phytoclimates between the strictly Mediterranean and the Nemoral types (Allué Andrade 1990) . Winter cold stress in the Nemoro-Mediterranean phytoclimates favors the establishment of these species in exchange for evergreen oaks, where distribution is limited by minimum temperatures (Lo Gullo and Salleo 1993; Tretiach et al. 1997; Larcher 2000; Nardini et al. 2000) .
However, during the last centuries winter deciduous oaks, which formed dense forests in the Mediterranean mountains at mid elevations, have been progressively substituted by the evergreen Q. ilex subsp. ballota (Ibáñez et al. 1997) . Changes of soil usage would disable the establishment of a clear correspondence between vegetation physiognomy and phytoclimate in a given territory (Walter 1977; Onate-Rubalcaba and Pou-Royo 1995) . The alteration of the predominant vegetation type in these areas, therefore, could have developed independent of climatic changes. In fact, phytoclimatic simulations have shown that the replacement of deciduous oaks by evergreen oaks could be either a consequence of temperature rising associated with climate change (González Rebollar et al. 1995) or intense soil degradation (González Rebollar 1996) . Probably, both factors operated synergistically in the past. García-López et al. (2002) suggested that the distribution of Q. ilex in the north-central area of the Iberian peninsula, characterized by its NemoroMediterranean phytoclimate typical of deciduous oaks, is better explained by local edaphic conditions than by climatic factors. This contention is also supported by Barbero et al. (1992) , who suggested that in high mountains with poor and superficial soils of the coldest and most humid areas of the Mediterranean region Q. ilex substitutes deciduous oaks in the most northern Mediterranean areas. In numerous areas, the low water storage capacity of poorly developed soils would explain the current dominance of Q. ilex (García-López et al. 2002) .
The substitution of winter deciduous by evergreen species implies, from an ecophysiological point of view, the existence of a new stress period that cannot be avoided by leaf shedding (Mitrakos 1980) . Quercus ilex subsp. ballota (Desf.) Samp. growing in areas formerly occupied by winter deciduous species might develop, during winter, mechanisms to endure low temperatures associated with high light levels in the most continental and mountainous regions of the Iberian peninsula.
All environmental stresses that reduce photosynthetic rates increase the amount of absorbed light that becomes excessive, and thus, the need for energy dissipation (Demmig-Adams and Adams 1992) . Low winter temperatures reduce the photosynthetic activity of Q. ilex (Gratani 1996) and can even block it in the coldest areas (Tretiach et al. 1997) . Low temperatures are worse than high ones for the same level of light, since much less energy is used in photosynthesis Öquist and Huner 1993) . The combination of temperatures under 0°C and high light can damage the photosynthetic apparatus (Groom et al. 1991) . In the Mediterranean area, leaves are exposed to high light on sunny days (more than 2,000 μmol photons m −2 s −1 , PAR). Although there are many studies on the effects of drought and high summer temperatures on the photosynthetic apparatus of Q. ilex (see for instance, Faria et al. 1998; Llorens et al. 2002) , there are fewer works on the effects of low temperatures (García-Plazaola et al. 1999a, b) and even fewer on the Mediterranean climate with cold winters (Tretiach et al. 1997; García-Plazaola et al. 2003) .
The dark-adapted chlorophyll fluorescence emitted by leaves allows the maximum potential photosystem II (PSII) efficiency to be estimated, through the variable to maximum (F v /F m ) chlorophyll fluorescence ratio Morales et al. 1991 Morales et al. , 2002 Abadía et al. 1996) . Decrease in the maximum potential PSII efficiency often occurs under light stress conditions. When the F v /F m ratios do not recover after returning to non-saturating light levels, the photosynthetic apparatus might have been damaged (Powles 1984) . If the decrease is reversible, the photoprotection mechanisms have acted (Butler 1978) . The actual PSII efficiency (Φ PSII ) depends on both the photochemical quenching (q P ; reflecting the degree of open, oxidized centers) and on the intrinsic PSII efficiency (Φ exc ; the efficiency with which PSII captures photons) . All these parameters can be used for the characterization of the PSII state. The light absorbed not used in photosynthesis must be efficiently dissipated in order to avoid PSII damage. Most of the light absorbed not used in photosynthesis is thermally dissipated (non-radiative dissipation) within the PSII antenna, a process mediated by the functioning of the xanthophyll cycle (Demmig-Adams et al. 1989; Demmig-Adams and Adams 1992) . Within the xanthophyll cycle, the xanthophylls zeaxanthin (Z) and antheraxanthin (A) are formed by de-epoxidation/s of violaxanthin (V), and both are thought to be involved in photoprotection through energy dissipation processes (Gilmore and Yamamoto 1993; .
The major aim of this work was to determine the mechanisms of photoprotection that allow the leaves of Q. ilex subsp. ballota to withstand the low winter temperatures recorded in continental areas close to the upper altitudinal limit of this species (Jiménez-Sancho et al. 1996) , as compared to the climatological conditions at the lower limit for this species. To assess the efficiency and resistance of the photosynthetic apparatus exposed to high light conditions and low temperatures, chlorophyll fluorescence, net CO 2 assimilation rates and the composition of photosynthetic pigments involved in photoprotection were measured in current year leaves of the evergreen species Q. ilex subsp. ballota during the winter of 1999-2000. Under natural conditions, temperatures below 0°C can last several nights, and they might be even more damaging to the photosynthetic apparatus than an occasional frost. Therefore, a second aim of this work was to investigate the response of Q. ilex subsp. ballota to a gradual decrease in temperature (at intervals of 5°C), from 20°C to −5°C, and its subsequent recovery.
Materials and methods

Study site, climate and plant material
The topography of the site (depression of the river Ebro and elevations of the Iberian system) determines a wide range of thermal regimes in the province of Saragossa. In the center, at 200 m above sea level (a.s.l), the annual average temperature ranges from 14°C to 15°C (sub-warm climate); above 1,000 m, the isotherm is always below 10°C (continental warm climate).
A coppice stand, dominated by mature trees (ca. 50 years old) of Q. ilex subsp. ballota, was chosen in Sierra de Santa Cruz-Cubel, Saragossa, NE Spain (1°39′W, 41°0 7′N, 1,177 m a.s.l.; hereinafter, site A). The temperature data (Fig. 1a,b) were obtained from the meteorological station of Cubel-Casas Altas at ca. 2 km from the site (1°3 8′W, 41°06′N, 1,108 m a.s.l.). Mean winter temperature is 4.5°C and the annual average temperature is 11.3°C.
The annual average precipitation is 474 mm, with peaks in spring and fall. In the study area, the drought period in summer lasts ca. 2 months, from the end of June to early September. The phytoclimate of the study area corresponds to a transition from Mediterranean to NemoroMediterranean forest with a tendency to sclerophylly and a clear continental influence [VI (IV) 1 type; Allué Andrade 1990] . The study site was located on very poor soils developed over Tertiary limestone outcrops. During the winter of 1999-2000 extreme low temperatures were registered. In November and December, there were 17 days with temperatures below 0°C each month. The most extreme month in terms of minimum temperature was January, with a minimum temperature of −9°C. In January, the minimum temperature was below zero every day except one, when the minimum temperature was 0°C. On the day when the first measurement was taken (1st February), trees had already been exposed to 32 consecutive days of frosts (Fig. 1a) . Photosynthetically active radiation (PAR) at leaf level was ca. 1,500-1,600 μmol photons m −2 s −1 during the morning (Table 1) . Predawn water potential, measured with a Scholander type pressure bomb in five twigs from different trees, reached −0.8 MPa during the studied period and, thus, it is considered that the trees at this site did not suffer water stress.
To compare the impact of the winter season on two areas exposed to different temperatures, some seeds of the same origin were obtained and were cultivated for 6 years in pots in the experimental fields of the Servicio de Investigacion Agroalimentaria (Saragossa, Spain, 0°46′W, 41°44′N; 225 m a.s.l., hereinafter, location B). This location is representative of the climatological conditions at the lower altitudinal limit of this species in the area. Plants were exposed here to a milder continental climate and to minimum temperatures that did not reach extremely low values ( Fig. 1b ; data from the meteorological station of Aula Dei, located in the same place than the experiment). In the months of November and December, 4 and 15 days had temperatures below zero, respectively. The most extreme month in terms of minimum temperature was January, with a minimum temperature of −5.7°C. In January, 19 days had temperatures below zero (Fig. 1b) . PAR at leaf level was ca. 1,600 μmol photons m
during the morning (Table 1) . Plants were watered regularly (water potential before dawn of −0.3 MPa) and fertilized with a slow-release fertilizer (Osmocote Plus, Sierra Chemical, Milpitas, Calif., USA). The same measurements of gas exchange, chlorophyll fluorescence and composition of photosynthetic pigments were performed in these plants on 3 February, after the coldest month of the year. The relative frequency of frosts is 70% at location A and 30% at location B (statistic based on the daily data recorded by the network of meteorological stations of the Instituto Nacional de Meteorología in Aragón, during the period 1960-2000 (URL: www.web.eead.csic.es/oficinaregante/ mapas/mapas36.htm).
Measurements of gas exchange, water potential and chlorophyll fluorescence
To check the impact of low temperatures on the photosynthetic apparatus of Q. ilex subsp. ballota measurements were taken on 1 February, after the coldest month. A gas exchange analyzer (CIRAS-1, PP-Systems, Herts, UK) was used to measure net photosynthesis (A, μmol CO 2 m −2 s ) and leaf temperature (T,°C). Measurements were taken in situ, under natural conditions at midday (1200 hours, solar time). All the measurements were performed on the outer part of the crown facing south. Five sun leaves were chosen for each of the three trees sampled (n=15).
Predawn water potential was measured as an indicator of the water conditions of the soil with an Scholander pressure chamber. Five shoots were taken from the outer part of the crown of five trees, wrapped in plastic film, cut with pruning shears and immediately measured.
Chlorophyll fluorescence was measured in situ at different times: predawn, at 0800 hours and 1200 hours . The data were taken in situ on attached sun leaves of the current year. The experimental protocol was basically that described by Genty et al. (1989) , with some modifications (Belkhodja et al. 1998) . Five leaves were wrapped in aluminum foil, covered with a black piece of cloth and kept in darkness for 30 min before estimating the minimum (F 0 ) and maximum (F m ) chlorophyll fluorescence. The same leaves were used in subsequent fluorescence measurements. ) to oxidize completely the PSII acceptor side (Belkhodja et al. 1998) . Sunlight was used as source of actinic light. Actual (Φ PSII ) and intrinsic (Φ exc ) PSII efficiencies were estimated as (F′ m − F s )/F′ m and (F′ v / F′ m ), respectively (Harbison et al. 1989) . Photochemical quenching (q P ) was estimated as (F′ m − F s )/F′ v (Van Kooten and Snel 1990). Non-photochemical quenching (NPQ) was estimated as (F m − F′ m ) − 1, according to Bilger and Björkman (1990) . All these measurements were taken at midday (1200 hours, solar time) in five sunexposed leaves from different trees. The fractions of light absorbed that are dissipated in the PSII antenna (D) and used in PSII photochemistry (P) were estimated from 1 − (F′ v /F′ m ) and (F′ v /F′ m )(q P ), respectively . The fraction of light absorbed by PSII not used in photochemistry nor dissipated in the PSII antenna (X) was estimated from (F′ v /F′ m )(1−q P ) .
Photosynthetic pigment composition
The impact of low temperature on the composition of photosynthetic pigments, chlorophylls and carotenoids, was investigated. Pigments analyzed include lutein, neoxanthin, β-carotene, violaxanthin (V), antheraxanthin (A), zeaxanthin (Z), chlorophyll a (Chl a) and chlorophyll b (Chl b). Measurements were taken at the beginning of February 2000 (1st day), after the coldest month of the year, i.e., January. Leaf discs were obtained from leaves of the current year, completely exposed to the sun in the forest. Discs of 0.5 cm 2 were cut with a calibrated cork borer at predawn and at 1000 hours and 1200 hours (solar time), wrapped in aluminum foil, frozen in liquid nitrogen and stored (still wrapped in foil) at −80°C. Nine different leaves were used each date (3 replications per time of the day). At midday, samples were taken from the same leaves where modulated chlorophyll fluorescence was measured. Pigments (1 disc per sample) were extracted in a mortar with a few cm 3 of 100% acetone and a pinch of sodium ascorbate. Extracts were filtered through a 5-μm filter, to remove vegetable residues and the ascorbate excess, poured into an Erlenmeyer flask and acetone was added until the desired volume was obtained. Ratios of ca. 1-2 cm 2 of tissue to 5 cm 3 of acetone were used (Abadía and Abadía 1993) . Extracts were stored at −80°C until analyses. Pigment extracts were thawed on ice, filtered through a 0.45-μm filter and analyzed by HPLC (De las Rivas et al. 1989; Morales et al. 1994 ).
Thermal treatment
The response of the photosynthetic apparatus of Q. ilex subsp. ballota to rapid temperature changes was also investigated. To generate the temperature slopes, an adapted commercial chest freezer was used. The temperature was regulated with a differential industrial step-bystep controller (PMA Mod KS90, Germany). The controller acts on a 600 W resistor by means of a forced convention system whereas the engine of the freezer operates continuously. Two fans into the chamber allowed the homogenization of the temperature. The need for small specimens that could be use with the size limitations imposed by the freezer forced the use of 2-year-old plants obtained from seeds and cultivated at site B under the same water and nutrition conditions than mentioned above of the same origin. Plants were exposed to different decreasing (20, 15, 10, 5, 0 and −5°C) and increasing (−5, 0, 5, 10, 15 and 20°C) temperature conditions. A leaf of each plant was chosen from five plants, which were kept in darkness at the corresponding temperature for 30 min before performing any measurement. Once all the measurements of decreasing temperature had been performed, the plants were kept at 0°C during the night and the increasing temperature measurements were performed the morning after. Modulated chlorophyll fluorescence was measured as previously described. The halogen lamp of the fluorometer was used as source of actinic light. This source provided 1,600 μmol photons m −2 s −1 PAR at leaf level, a light intensity similar to that recorded at leaf level in the forest under study. (Fig. 2) . Leaf temperature was higher in site B plants (Table 1) .
Chlorophyll fluorescence
The maximum potential PSII efficiency for healthy plants adapted to darkness (F v /F m =0.75−0.85) can be used as recovery threshold from low temperature ) (dotted line in Fig. 3 ). F v /F m values were much lower in site A, reaching a maximum of 0.4 at predawn. Plants at site B had values ranging from 0.65 to 0.75 (Fig. 3) . The actual (Φ PSII ) and the intrinsic (Φ exc ) PSII efficiencies and the photochemical quenching (q P ) followed the same pattern. Values for plants at site B were always higher (Fig. 4) . NPQ values were approximately 3.5 and 1.5 in site A and B, respectively (Fig. 4) .
The fraction of absorbed light dissipated thermally (D) increased in site A relative to the values found in site B, from 66% to 74%, mostly at the expense of the light used in photochemistry that decreased from 20% to 14% (Fig. 5) . The fraction of absorbed light that was not dissipated nor used in photosynthesis was 12 and 14% in site A and B, respectively (Fig. 5) .
Photosynthetic pigment composition
Pigment concentrations on chlorophyll basis followed the same pattern than those based on leaf area (data not shown). Lutein, neoxantin and β-carotene concentrations were higher in site A (Table 2) . Violaxanthin + antheraxanthin + zeaxanthin (V + A + Z) pool in site A was nearly double than that of site B (Table 2) . Also, the Chl a and Chl b concentrations were higher in site A ( Table 2 ). The Chl a/Chl b ratio was higher in plants at site B ( Table 2) .
The proportion of de-epoxidated xanthophylls within the VAZ cycle (A + Z/V + A + Z) reached values ranging from 0.75 to 0.85 in site A (Fig. 6) . Only a small part of the conversion of violaxanthin (A) to anteraxanthin (A) and zeaxanthin (Z) took place during the morning (Fig. 6) . Values in plants at site B were much lower than those of site A, except for those recorded at midday (Fig. 6) . In site B, a difference of approximately 0.3 between the values obtained at predawn and those obtained at midday was observed. The maximum potential PSII efficiency (F v /F m ) was not affected by the thermal treatment, and remained between 0.70 and 0.75 during the whole experiment (Fig. 7a) . However, the other parameters were affected by temperature. Φ PSII (Fig. 7b ) and q P (Fig. 7d) followed the same pattern, both start to decrease in at 5°C (from values of 0.12 and 0.30 to 0.10 and 0.20, respectively) and were markedly decreased at 0 and −5°C (approximately 0.02 and 0.03, respectively). After a night at 0°C, values obtained at 5, 10 and 15°C were lower than those obtained during the decrease in temperature, but at 20°C values obtained were slightly higher than the initial ones (0.16 and 0.43, respectively). Φ exc was preserved down to temperatures of 10°C, increasing beyond 5°C and with a maximum at −5°C (Fig. 7c) . Φ exc values decreased gradually during the increase in temperature (Fig. 7c) . NPQ followed a reverse evolution, values began to decrease at 5°C, with minimum values at −5°C (Fig. 7e) . There was also an immediate NPQ response to the increase in temperature (Fig. 7e) .
The kinetics of the chlorophyll fluorescence are shown in Fig. 8 . From 20°C to 0°C, the slopes show high levels of variable fluorescence F v and fluorescence quenching after illumination. The amplitude of the F v signal depends on the ability of the PSII to reduce Q A , the first PSII electron acceptor quinone and, thus, it reaches a maximum when its pool has been completely reduced (Krause and Weis 1991) . The fluorescence quenching is basically due to the re-oxidation of Q A and to the increase in energy dissipation. It seems that fluorescence quenching upon illumination is more affected than F v values at very low Fig. 4 Actual (Φ PSII ) and intrinsic (Φ exc ) PSII efficiency, photochemical quenching (q P ) and non-photochemical quenching (NPQ) recorded in sites A and B. Measurements were taken at midday (1200 hours, solar time) in five leaves attached to each tree and exposed to sun in Q. ilex subsp. ballota. Vertical lines are standard errors. Bar colors as in Fig. 2 . Mean values were significantly different between sites (P<0.01, Student t-test) Fig. 5 Fractions of light absorbed by PSII that are thermally dissipated in the PSII antenna (D), used in photochemistry (P) and not used nor dissipated (X) recorded in sites A and B. Measurements were taken at midday (1200 hours, solar time) in five leaves attached to each tree and exposed to sun in Q. ilex subsp. ballota. Vertical lines are standard errors. Bar colors as in Fig. 2 . Different letters refer to significant differences between means (P<0.05; Student ttest) (Fig. 8) . The reversibility of the changes can be observed during the temperature increase (Fig. 8) .
Discussion
One aim of this work was to determine which mechanisms allow the leaves of this evergreen oak to withstand the low winter temperatures common at altitudes close to the upper limit for this species in the Iberian peninsula. In this sense, we have found that he maximum potential PSII efficiency was very sensitive to low temperatures. Our F v /F m values were lower than those obtained in experiments performed in winter with leaves of Q. ilex (García-Plazaola et al. 2003 ) and similar to those obtained by García-Plazaola et al. (1999a, b) in Q. ilex, by García-Plazaola et al. (1997) in Q. suber and by Groom et al. (1991) in Ilex aquifolium, other evergreen broadleaf species. Low winter F v /F m values have been recently ascribed to changes in the chlorophyll pigment bed associated to the presence of Z + A in the PSII antenna (Gilmore and Ball 2000) . The lower F v /F m ratio in the more continental site (around half of that reached in site B) was accompanied by an extremely high concentration of Z (data not shown; García-Plazaola et al. 1999a, b) and retention of A + Z during the night ( Fig. 6 ; Adams and Demmig-Adams 1994; Adams and DemigAdams 1995; Verhoeven et al. 1996; García-Plazaola et al. 2003) . This seems to be a photoprotective response mediated by a process of thermal energy dissipation rather than by damage to the photosynthetic apparatus (DemmigAdams 1990; Somersalo and Krause 1990; Huner et al. 1993) . The maximum potential PSII efficiency decreased from predawn to midday, particularly in site A. Φ PSII values were lower in site A relative to site B, due to both lower values of Φ exc and q P . Oliveira and Peñuelas (2000) also reported similar results. The low values of F v /F m , Φ PSII , Φ exc and q P and the high NPQ values in winter indicate that the leaves of Q. ilex protect themselves against low temperatures by means of mechanisms involving thermal dissipation of the light absorbed by PSII. Also, the fraction of absorbed light that is dissipated (D) was higher in the high altitude individuals (site A) when compared to those at low altitude (site B). The ability of Q. ilex to endure the combination of low temperature and high irradiation in winter depends markedly on its carotenoid concentrations (García-Plazaola et al. 1999a, b) . The carotenoid to chlorophyll ratio and the concentrations of both Chl a and Chl b were higher at the more continental site (Table 2 ; Schöner and Krause 1990) , where individuals were experiencing much lower temperatures. Pigment data reported by García-Plazaola et al. (1999a , b, 2003 in winter for the same species differ from our results. These differences might be due to the climate of the studied forest, which is more extreme and continental in our case. A high carotenoid to chlorophyll ratio may protect PSII against photoinhibitory damage, since carotenoids can directly de-excite triplet chlorophyll and in turn may prevent singlet oxygen formation within the photosynthetic apparatus (Foyer et al. 1994) . The high chlorophyll concentration values found at site A (no chlorophyll bleaching) also suggest that the photosynthetic apparatus is not being damaged. In addition, chlorophyll itself has a general protective function in leaves (Nishio 2000) .
A second aim of this work was to analyze the response of Q. ilex subsp. ballota to short-term temperature changes and its subsequent recovery. When a gradual decrease in temperature, from 20°C to −5°C, is induced the maximum potential PSII efficiency hardly decreased. However, below 5°C there was a sudden decrease in the photosynthetic electron transport (Φ PSII ) due to the closure of the PSII reaction centers (diminished q P values). Low temperatures reduce the mobility of the plastoquinone in the thylakoid membranes, and this might be the cause of the decreased photosynthetic electron transport in winter (Öquist and Ogren 1985) . A rapid recovery took place with increasing temperature. Previous studies have reported a rapid and complete recovery of the PSII efficiency under conditions of low irradiation at −10°C in mosses (Deltoro et al. 1999 ) and a partial recovery, although complete after one night, under conditions of low irradiation at −4°C in herbaceous plants (Somersalo and Krause 1990 ). Nevertheless, no complete recovery was observed for 15 days after the treatment at −4°C in seedlings of Picea mariana (Lamontagne et al. 2000) . It has been proven here that the photosynthetic apparatus of Q. ilex subsp. ballota responds rapidly to temperature decreases and recovers very quickly from the impact of low temperature. However, the F v /F m values did not recover in the forest under study throughout the morning with the increase in temperature. This suggests that, when there is a severe and long cold event (a month of consecutive frosts), this rapid recovery does not take place and there is a chronic decrease in the maximum potential PSII efficiency during this period (see also, Werner et al. 2002; García-Plazaola et al. 2003) . Some previous studies reported that exposure to low temperatures for a few minutes does not usually cause damage and that this damage is usually the result of the accumulative impact of low temperatures extended over time (Berry and Björkman 1980) . Recovery of the PSII efficiency during the night in the month with the highest number of frosts (January) was unlikely. Moreover, the leaves were exposed again to potentially photoinhibitory conditions the next morning.
Negative values for net photosynthetic rates, similar to those shown here for Q. ilex subsp. ballota in the upper distribution limit, have been previously reported for the same species after a period of stress caused by low temperatures in other areas with a cold Mediterranean climate, such as the north of Italy (Tretiach et al. 1997) or for conifers after a simulated winter defrosting (Scharberg et al. 1996) . However, this is not a common situation for this Mediterranean evergreen. In fact, the net photosynthetic rates of Q. ilex reached values of ca. 6-8 μmol CO 2 m −2 s −1 (Gratani 1993 (Gratani , 1996 Ogaya and Peñuelas 2003) and even 11 μmol CO 2 m −2 s −1 (García-Plazaola et al. 1999a, b) in winter when living in warmer climates. Positive photosynthetic values were also registered in our plants when grown at low altitude.
From an ecological perspective, the photosynthetic performance of this evergreen species during winter when growing at high altitude may help to explain why winter stress limits the presence of evergreen oaks in cold Mmediterranean phytoclimates, proper to winter deciduous oaks, such as Q. faginea and Q. pyrenaica. The construction cost of the leaves in terms of energy is higher in evergreen species (Merino et al. 1982) . This has an impact on biomass and thus on the competition with other species and their distribution (Tretiach et al. 1997; Groom et al. 1991) . The presence of Q. ilex subsp. ballota in this site can be explained by the intense soil degradation in this area. Poor and superficial soils, as currently after centuries of human intervention, are unfavorable for winter decid- The recovery of the original landscape, with the dominance of winter deciduous species, is a very lengthy process due to the time needed to restore soil properties. Under the climate change scenario of increasing air temperature and evapotranspiration (Piñol et al. 1998; IPCC 2001 ) Q. ilex subsp. ballota would be the dominant species in this landscape, as long as winter temperatures were not as limiting for photosynthesis as those currently recorded.
In summary, Q. ilex subsp. ballota suffered the impact of low temperature and high light conditions, which were reflected in a decreased photosynthetic rate and PSII efficiency. Nevertheless, photoprotection processes ensured an enhanced dissipation of the light in excess rather than the occurrence of damage-type photoinhibition processes. These photoprotective processes involve the de-epoxidated forms (A + Z) of the xanthophyll cycle and its associated increase in thermal energy dissipation. Moreover, the photosynthetic efficiency recovers after the winter stress period (Corcuera 2003) . On one hand, at the upper altitudinal limit of the species the net photosynthetic rates were negative, due to low winter temperatures. On the other hand, net photosynthetic rates were positive at the lower altitudinal limit of the species. Under such conditions, the summer stress may limit growth (Ogaya and Peñuelas 2003) . Therefore, in terms of Mitrakos (1980) , the winter stress period for Q. ilex subsp. ballota would be much more limiting than the summer stress period. In fact, summer net CO 2 assimilation rates are close to the maximum values registered during the year for Q. ilex subsp. ballota at this site (Corcuera 2003) .
